We systematically screen chemical compounds for their suitability as high voltage insulation gases on the basis of electrical, environmental and safety characteristics. Recently, 1234 compounds were identified out of a library of over 56000 chemicals by means of virtual screening. The authors applied filters for the global warming potential (GWP), toxicity, stability, flammability and critical temperature to find promising candidate refrigerant fluids. We estimate the electric strength (ES) and the boiling point of these environmentally friendly compounds to select promising SF 6 replacement candidates. The most promising candidates within our method are predominantly Fluoro-alkenes, -alkylsulfides, -alcohols and-alkylamines. In addition, risk and safety data was compiled for compounds that are supplied by chemical vendors at this date, resulting in 7 preliminary candidates.
INTRODUCTION
SULFUR hexafluoride (SF6) has a high electric strength value (ES) and therefore is widely used in electrical equipment. In addition to its very good insulation properties SF 6 is non-toxic, inert and has a low boiling point (T B ). Due to its long atmospheric lifetime and large radiative forcing it is a greenhouse gas with high global warming potential (GWP). A reduction of the atmospheric concentration of this long-lived gas can only be achieved by stopping emissions. Therefore, considerable effort has been undertaken for finding substitute insulation gases or gas mixtures with significantly lower GWP [1] [2] [3] [4] .
Characteristics sought in SF 6 replacement gases are mainly chemical stability, low toxicity, low flammability, low GWP, high ES and boiling point ranges that are suitable for high voltage applications. Considering the enormous number of all conceivable molecules it is time consuming to determine their properties by performing individual experiments. Thus, a systematic search using computer programs is desirable to find promising candidates. Such filtering techniques, known as virtual screening [5] , are an integral part of e.g. drug discovery research and material design. They are used to identify structures with the desired properties from a very large library of compounds. It is efficient to apply first filters for properties that can be determined directly, without high computational costs, such as the mass or the elemental composition of a molecule. Subsequently, filters that are estimated by computationally expensive methods such as molecular geometry optimizations can be applied.
A set of 1234 candidate refrigerant fluids was identified by means of virtual screening from the PubChem database of the National Institute of Health [6, 7] . The environmental and safety criteria applied by the authors to this large number of molecules were: low GWP, low LFL (lower flammability limit), and filters for toxicity and chemical stability.
In this work, we subsequently investigate the remaining 1234 molecules by a computational method that estimates the ES and T B of electronegative gases, to identify potential SF6 substitutes [8, 9] . The present paper is structured as follows: Section 2 reviews the methods and constraints of the environmental and safety filters from [6] . Then we briefly describe our method that estimates the ES and T B of electronegative gases by means of density functional theory (DFT) calculations. Further, the filtering procedure to select the most promising compounds is given. In Section 3 we present the results of our analysis. We compare the estimated values of T B for the most promising candidates with values given in literature. In addition, risk factors and safety features for the gas handling are collected for commercially available compounds. In section 4 our filtering results as well as the underlying filtering procedure are discussed. Finally, in section 5 we conclude with the benefit of our study based on the applied screening criteria.
starting point of our gas screening is, instead of the entire library of the PubChem database, only the set of molecules that are the filtering results from [6] : The authors limit the molecular size to maximum 15 atoms and allow only compositions of the elements: C, H, F, Cl, Br, N and S. Further, filters for toxicity and stability were based on functional groups. The critical temperature T c of chemicals used as refrigerant fluids should be in the range of 300 K < T c < 550 K, due to technical aspects described in [6] . The lower flammability was limited to LFL > 0.1 kgm -3 . The chosen LFL is the boundary value of "Class 2" flammability in the ASHRAE refrigerant classification standard [10] , which corresponds to a "moderate" [6] flammable compound.
For the estimation of the GWP the authors calculated two properties of a compound, the atmospheric lifetime (τ) and the radiative efficiency (RE) [6] . The GWP is defined as the radiative forcing (RF) due to an instantaneous release of 1 kg of a trace substance integrated over a chosen time horizon, relative to that of 1 kg of CO2. For the RF, the IPCC uses the following definition: "The RF of the surface-troposphere system due to the perturbation in or the introduction of an agent (say, a change in greenhouse gas concentrations) is the change in net (down minus up) irradiance (solar plus longwave, in Wm -2 ) at the tropopause after allowing for stratospheric temperatures to readjust to radiative equilibrium, but with surface and tropospheric temperatures and state held fixed at the unperturbed values" [11] . The RE is the change of the RF per unit increase in atmospheric concentration. The authors selected the PM6 [12] semiempirical method for computing vibrational frequencies and IR intensities, providing in comparison to other semiempirical methods more consistent results for RE. Even though the computationally more expensive DFT methods are in better agreement with experimental RE data, the accuracy of the PM6 method is still reasonable for screening purposes. To obtain RE, the authors calibrated the semiempirical calculations by a uniform vibrational frequency factor, based on a comparison between the predicted data and a given experimental data set. The GWP was evaluated over a time horizon of 100 years assuming an exponential decay for the time evolution of the gas in the atmosphere with a rate of 1/τ. Here, the decay mechanism accounts for compound removal via reactions with OH only. The rate coefficient for this reaction was calculated by means of group-contribution method [13] . Subsequently, the lifetimes were estimated as the inverse reaction rate coefficient times an empirical parameter which was determined by comparison with reported lifetime data. Chemical reactions with atmospheric compounds other than OH as well as loss mechanisms such as ultraviolet photolysis, rainout or wet deposition were not considered by the authors. The calculations for the lifetimes and RE were performed with the Gaussian 09 package [14] .
The constraint for the GWP was set to GWP < 200. This value is based on the current policy outlook [15] . For the remaining set of molecules the GWP is mainly controlled by atmospheric lifetimes, which are in the range from 0.02 years to 6 years.
ESTIMATION OF ES AND T B
Those compounds that pass the environmental filtering criteria from Section 2.1 are given in [6] . We subsequently investigated these compounds in more detail estimating two crucial properties for their potential usage in high voltage equipment: the electric strength ES and the boiling point T B . The calculation of the ES by means of simulation of electron dynamics on the basis of microscopic electron-molecule collisions is a challenging problem. The required input for the underlying fluid modelling is at least a complete set of cross sections for all relevant elastic and inelastic two-body processes [16] . In addition, Boltzmann solvers as well as Monte Carlo methods in general do not account for three-body processes, which may get relevant at higher pressures [17, 18] . Facing these difficulties of kinetic modelling, several empirical estimation methods for the ES have been developed, analyzing the correlation between the ES, as well as T B , and certain molecular properties [19] [20] [21] [22] [23] . Stronger correlations than in these studies, we could find in a previous work by means of predictor variables [8] , which are simple functions of the molecular properties: electric dipole moment, average static electronic polarizability, vertical/adiabatic ionization energy, vertical/adiabatic electron affinity, electron number and molecular mass. These properties were calculated ab-initio for isolated gas molecules whose structure has been optimized in the electronic ground state. Vibrational and temperature corrections have been neglected. The Kohn-Sham DFT calculations were performed with the Turbomole program package [24] employing the BP86 density functional [25, 26] together with density fitting techniques. We applied Ahlrichs' polarized valence triple-zeta basis def-TZVP [27] in the calculations of the vertical/adiabatic ionization energy and the vertical/adiabatic electron affinity. The larger def2-QZVPP basis set [28] was used for the calculation of the electronic polarizability and dipole moment. We evaluate energy differences between potential curves of neutral and cation and of neutral and anion, neglecting the discrete structure of the vibrational energy levels. The dipole moment and polarizability are then calculated for the geometry-optimized neutral molecule. In the following, we write E r for the ES relative to SF 6 . Our method has a standard deviation of σ = 0.35 for E r and σ = 28K for T B .
FILTERING BASED ON ES AND T B
In a next step towards gases that are suitable for high voltage insulation we apply constraints for the ES and T B . The remaining compounds are subsequently investigated by means of Pareto efficiency in the design space with E r and T B as parameters. Finally, to arrange the remaining substances according to their environmental impact, we subdivide our results into four groups of GWP. The reduction of the initial number of compounds by the individual steps is illustrated in Table 1 .
The ideal insulation gas would suppress electron avalanches up to high electric fields, corresponding to high values of the ES. At the same time the breakdown voltage for typical dimensioning of high voltage equipment increases with increasing gas pressure, according to the linear regime of Paschen's law [29] . Thus, a high vapor pressure at typical ambient temperatures, corresponding to a low T B , is desirable to achieve high breakdown voltages without condensation of the gas. We do not want to exclude compounds which could be used in gas mixtures of two or more components. Therefore, we choose more generous constraints ES > 0.5 and T B < 320 K as one would choose for a pure insulation gas.
Furthermore, we identify the Pareto efficient compounds of the remaining set with the most promising candidates. Here, a Pareto efficient molecule means the "best" option for the ES and simultaneously T B : it is not possible to find a single molecule with higher E r value and at the same time lower T B . We determine the set of all Pareto efficient compounds, which is defined as the Pareto frontier. Again, to not exclude interesting candidates we incorporate all molecules in the σ-region around the Pareto frontier. This region we will call in the following Pareto-area.
In the context of high voltage insulation a molecule's GWP is commonly compared to one of the two prominent greenhouse gases: SF 6 or CO 2 . On the one hand, all compounds would represent a drastic improvement to SF 6 in terms of environmental impact. On the other hand, in comparison to CO 2, there is still a high variation between 0 and 200. Hence, to have an overview of the different environmental impacts of the remaining compounds we subdivide them into four different groups according to their GWP: GWP < 1, 1 < GWP < 10, 10 < GWP < 100 and 100 < GWP < 200.
RESULTS
According to Section 2.2 we estimate E r and T B of a set of 1234 compounds that are the filtering results from [6] , as described in Section 2.1. The results are presented in Figure  1a . The constraints for E r and T B result in 384 compounds. In Figure 1b we identify the Pareto frontier of the remaining data, created by a set of 15 molecules. Including all molecules in the σ-region we count 141 Pareto-compounds, which we identify as superior candidates.
These Pareto-compounds were split into four groups with respect to the GWP as described above. The results for the estimated T B and E r are illustrated in Figure 2 . In addition, when available, values for T B from literature were given. For better comparison between the different groups the Pareto frontier from Figure 1b is indicated in each panel. The number of compounds N in each GWP-windows is given in the inset of the corresponding panel.
GWP < 1:
The set of compounds with GWP < 1 are supposed to be the less detrimental to environment among the Pareto-compounds and are given in Table 2 . The list contains only Fluoro-alkenes containing one or two hydrogen atoms. However, there is one exception: the Fluoroethanethiol C 2 HF 5 S. For the latter we estimated an ES clearly higher than SF 6 . At the same time it has a high reaction rate with OH resulting in an estimated lifetime below one day [6] . The ES of each of the four isomers of C 4 H 2 F 6 is around two times larger than for SF 6 . The atmospheric lifetimes of the same compounds are of around two days [6] Table  2 contains seven Fluoro-alkenes of the form C 5 HF 9 and two isomers of C 5 H 2 F 8 . The list contains a single Perfluoro-alkene which is the cyclic alkene C 5 F 8 .
< GWP < 10:
Here, the Fluoro-alkenes represent again the dominant group. Further Table 3 contains the Fluoroalkylsulfides C2F6S, C3F8S and C4F10S, as well as the Fluoroalcohols C4H3F7O and C4H4F6O. The T B values for the compounds found in literature agree all with the calculated values within the accuracy. 10 < GWP < 100: Table 4 shows the compounds of the Pareto frontier. Here, in addition to certain Fluoro-alkenes and Fluoro-alcohols, the group of Fluoroalkyl-amines such as C3H2F7N or C3H3F6N, represent possible candidates. For Table 5 . Basically, the same chemical classes as before represent the most important candidates. For all compounds from Tables 2-5 which are, to our level of knowledge, commercially available at this date we collected information from safety data sheets provided by the vendors. Table 6 lists for these compounds the safety and risk phrases defined in Annex III and Annex IV of European Union Directive 67/548/EEC. For comparison the safety and risk phrases for SF 6 are given. According to our filtering procedure the final list of candidate gases should only contain non-toxic and non-flammable compounds. However, Table 6 contains certain gases that are in terms of risk phrases (R23) "toxic by inhalation", namely 11212 and 16924. The compound 61109 "dangerous for the ozone layer" (R59).
DISCUSSION
The ideal insulation gas would boil at T B = 0 K. Then the gas pressure, and thus the breakdown voltage, in principle could be increased to infinitely high values, disregarding the mechanical stress on the equipment. Hence, for the usage in high voltage equipment the lower limit on T B , and thus on T c , should be as small as possible. Nevertheless, we expect not to prematurely exclude candidate gases by the boundary T c > 300 K, as described in Section 2.1. For comparison, SF 6 has a critical temperature of T c = 318.7 K [33] , which is included by the used boundary. Compounds with T B around room temperature may condensate at lower temperatures or elevated pressures and are thus not suitable as insulation gases in pure is "very toxic by inhalation" (R26). The gases 52991879 and 2776724 are "flammable" (R10). The compounds 15914919 and 5365501 are "extremely flammable" (R12), whereas 10154032 "in use, may form flammable/explosive vapor-air mixture" (R18). The chlorofluorocarbon 2782294 is form. Instead, they may be used as one component in a gas mixture. By this, the ES of a gas such as nitrogen might be significantly increased already by adding only small percentages of a strongly electron-attaching substance [34] . We note that the GWP is a quantity that is uncoupled from the initial gas release of electrical equipment. It reflects the environmental impact in terms of global warming after the emission of 1 kg of an insulating gas into the atmosphere, as described in Section 2.1. However, the amount of emitted insulating gas from electrical equipment strongly depends on the molecular mass and the viscosity of the gas species. For example, poor gas handling during maintenance work can lead to the entire release of an insulating gas volume into the atmosphere. In this case the amount of emitted gas is proportional to its molecular mass. Another source of gas emission is durable leakage from gas-insulated equipment. For this scenario the leak rate increases with decreasing viscosity of the gas species. The viscosity in turn depends on the molecular mass and microscopic properties of the gas. Nevertheless, we measured the environmental effect of an insulating gas solely by means of its GWP. The GWP is a well-established quantity widely used in literature. It allows rapid comparison of environmental aspects between different compounds and sources. In addition, we wanted to follow a universal screening procedure, which filters out certain compounds independent from technical issues such as different leakage scenarios.
For all compounds, we clearly observe certain trends for the ES and TB. The values of these quantities strongly vary with the elemental composition and the molecular structure. Certainly, for increasing number of F-atoms in a molecule the ES increases due to the higher rate of electron attachment, as can be seen from Table 2 to Table 5 . Furthermore, increasing number of C-atoms in a molecule increases the rate of elastic collisions, and thus the ES. The increased value of TB for larger molecules is the result of increasing van der Waals interaction. It appears particularly interesting that substances of the same molecular formula but different chemical structures may reveal very different values for ES.
The initial set of 1234 compounds does not contain any perfluoro-or hydrofluoro-carbonyl compounds. This chemical class was investigated in detail in previous work [9] . Most ketones and aldehydes with more than 4 carbon atoms were already filtered out by the constraint that the molecular size is limited to 15 atoms, as described in Section 2.1. We can only speculate here that their GWP might be higher than set by the given constraint.
We want to note that our estimation method for E r and TB, as well as the estimation methods [6] for the GWP, flammability and toxicity are subject to significant uncertainties, and outliers may exist. In general, we find good agreement between our calculated T B values and values from literature, as shown in Table 2 -5. Furthermore, not all identified substitutes meet the desired toxicity-and flammability-criteria, as shown in Table 6 . For example one identified compound is the fluorocarbon alkene perfluoroisobutene (CID = 61109), which is very toxic as mentioned in Section 3. The commercially available compounds in Table 6 which, according to safety data sheets, might fulfill basic requirements for a substitute gas are: 5708528, 91450, 11053485, 2775851, 5708514, 164598 and 13529. The latter is "harmful by inhalation and if swallowed" [30] . For the compound 53395686 no safety data sheet was available.
The compounds of Table 2 -5 which are not supplied by chemical vendors, might be seen as a proposal list for SF 6 substitutes. In addition to the physical and chemical properties of an alternative insulation gas its commercialization is driven by the price of its synthesis. Certainly, a promising candidate might not be an alternative to SF 6 , if its production is complicated and cost-intensive or in terms of regulatory basis highly restrictive. Providing methods for synthesis, isolation and production of chemical compounds to increase its commercial potential for the industry is subject to the large field of organic synthesis, and it is not within the scope of this work. 
CONCLUSION
Out of a large library of 56000 compounds from the PubChem database a few most promising gaseous dielectrics were identified. We therefore adopted the subset of around 1200 compounds, which the authors derived by virtual screening based on environmental, safety and thermodynamic criteria. For these compounds of low global warming potential, low toxicity and low flammability the electric strength and boiling point were estimated. A quantitative investigation of the electric strength should follow for the topcandidates, e.g. by swarm parameter measurements and the derivation of the critical electric field strength.
